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Magnetic Sector Mass Spectrometer with Split Detector 



Introduction 

The magnetic sector is the oldest type of mass analyser. It is now only one of several different types 
of mass spectrometer manufactured commercially, but it remains the instrument of choice for a 
number of important applications, in particular in the areas of target compound trace analysis, 
accurate mass measurement, isotope ratio measurement end fundamental inn chemistry studies. This 
invention provides a means of improving the performance of a magnetic sector mass spectrometer 
when used for target compound trace analysis. 

Magnetic Sector* Mass Spectrometers - State of the Art 

a) Principal of operation 

Ions with mass (m) and charge (ze) accelerated through an electrical potential difference (V) win have 
velocity (v) and kinetic energy (a) where; 

e-zeV-^mv 2 (1) 

Ions with charge (ze) moving through a magnetic field'(B) with velocity (v) are subject to the Lorentz 
force (F) orthogonal to the direction of the field and direction of travel. Consequently ions travel with 
a circular trajectory with radius (rj m which the centripetal force is provided by the Lorentz force: 

F^Bzev^mCv 2 /^ (2) 

Eliminating (y) from equations (1) and (2): ' 

m/ze = B 2 r m 2 /2V (3) 

In Its simplest form the mass spectrometer transmits ions of a particular mass and charge from source 
to detector via a circular trajectory through a magnetic sector. Here the magnetic sector is a mass 
filter, and a mass spectrum tan be recorded "by scanning the magnetic field or accelerating voltage 
with serial detection of mass peaks. For some applications several detectors may shrcultaneously 
record several different ion masses each taking a different traj ectory . Alternatively an array of 
detectors may be used to simultaneously record a portion of the mass spectrum. 

b) Single focusing optics 

An ion moving in a magnetic field is dispersed with respect to its momentum (p). The momentum of 
an ion is given'by: 

p =mv=*(2m.B) J/ * (4) 

Therefore ion? with the same kinetic energy (e) are, in effect, dispersed with respect to their mass. In 
addition, the shape of the magnetic sector oan be designed to have ion directional focusing properties. 
A magnetic sector of a particular shape and size will have a particular combination of ion dispersion 
and directional focusing characteristics. 

An arrangement which combines an ion source with an ion beam, width defining slit, & magnetic 
sector with convergent directional focusing characteristics and an ion 'collector' slit positioned at the 
image point of the source slit is defined as single focusing. The magnetio sector directional focusing 
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c) Mass dispersion and ^solution 

2?!fS ^ ^ C " b) * Position is related to the ion beam ----- 

sM <w«), the image lateral magnification flvf) and the ™™ «£L « ^ T"* &c scn?cc 

by: uon < M > 834 toe sum of f» anaging aberration coefficients (Za) 

Thema^xesalvingpower Cm/4m) for a 'collector' 6 lit width ( We ) is given by: • 

vo/Am = D ra / ( Wt + Wie ) = Dm / (M, Wj + Wc + Sa) a) 

d) J>onMc focusing optics and high relation 

spread to kinetic energy, depending on thT^™ ^ However, ions will normally have a 
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combined with a magnetic sec^r theTe^^ lw ""3? «d so if an electric sector is 
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focusing magnetic sector mass spectrometers to be used for accurate mass measurement, and fen: 
highly specific target compound trace analysis by the technique known as "high resolution selective 
ion Hoarding" (HR-SIR). 

e) High re$OluttoB selective ion recording (HR-SIR) 

A double focusing magnetic sector mass spectrometer can be used to select and record the response 
from target compounds at high resolution and with a high sensitivity. The high resolution enables* 
chemical background masses to be eliminated and consequently allow a lower detection level to hfc 
achieved Selected ion recording provides a much better duty cycle, and therefore sensitivity, than 
scanning. 

The detection and 'quaiittficgtion of polychl orinated dibes^o-p^axins, and in particular its 2>3/7,S= 
tetrachlorinated dibenzo-p-dioxin, is a major application for double focusing magnetic sector mass 
spectrometers. Despite extensive clean-up procedures, samples still contain compounds such as 
polychlorinated Wphenyis and benzylphenylethers, which have the same nominal masses as the 
compounds of Interest. Hie sample is 'spiked 1 with a known amount of the n Q isotope labelled form 
of 2,3,7*8-TCDD, introduced via gas chromatography and recorded by 'high resolution* mass 
Spectrometry. The measurement is quantified by comparison of the native dioxia response to that from 
the. U C labelled form, and verified by confirmation of the ratio of the major isotopes of both the native 
and the "C labelled dioxiris. At 10 r QQQ resolving power (10% valley definition) the detection level for 
2,3,7,8-TCDD is about 1 femto-gram, or 3 atto-mole. Figure 3 shows an example of such, a 
measurement. 

f) Single and Parallel Detection 

A magnetic sector mass spectrometer with a single detector may be used to record a mass spectrum by 
scaiming and sequentially detecting mass peaks, The duty cycle for recording each mass in the 
spectrum is generally poor* and the higher the resolution or the wider the mass range the poorer the 
duty cycle. Unlike the quadrupole type of mass filter, a magnetic sector may be designed to record the 
signal from several different masses simultaneously. This is referred to as parallel detection, and takes 
two common forms: 

(i) Multiple detectors _ 

Multiple detectors provide a means of accurately recording the relative abundance of two or more 
different masses since measurement of the ratio of these peak intensities is not susceptible to 
fluctuations or drift hi the ionisation source, or to rapidly changing sample concentration, such as 
encountered in chromatography. Magnetic sector mass spectrometers incorporating multiple collector 
slits and corresponding discrete detectors are used to make the most accurate isotope ratio 
determinations. Hie different detectors are required to record different masses, and only at a low 
resolution, typically 200 ~ 300 (10% valley definition). 

(ii) Array detectors 

An array detector allows simultaneous acquisition over a range of masses thereby improving the duty 
cycle when used to record a spectrum; Array detectors employing high-density arrays of discrete 
charge sensitive detectors or * single ion' position sensitive detectors are very sensitive, although are' 
usually limited in size. Such detectors are normally positioned along the focal plane of the mass 
spectrometer and therefore replace the collector sttt normally present when a detector is -used Hence, 
each detector in the array substitute for the collector slit, and it is these that determine the resolution. 
The detector is required to record several masses, and in practice can only operate at up to medium" 
resolution, typically up to 2000 (10% valley definition). This, is too low a resolution for the analysis of 
polychlorinated doberizo-p-d^oxins. 
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Limitation of the State of the Art 
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In a preferred embodiment, a lens is positioned after the collector slit and before the split detector. 
This is to refocus the image of the collector slit at the position of the split detector. Preferably the 
refocussd image is magnified. This is to increase the spatial distribution of ions passing through the 
collector slit and arriving at the detector. Figure 4 shows a diagram of such an arrangement 

In the preferred embodiment the. ions are directed towards the fine blade held at a high retarding 
potential, and peel off to one side or the other aocording to which side of the dead centre each ion is 
positioned. Figure 5 shows an example of such a split detector design. The ions enter through a 
screening tube and into a space in which they confront the fine blade. The retarding fields cause the 
ions to peel off and reflect back to one of the two detectors either side of the screening tube. In this 
example the two detectors are micro-channel plates, with anodes positioned behind the micro-channel 
plates. Hie anode receives a pulse of electrons for each ion arriving, and these electron bursts may be 
counted, or integrated and measured using an analogue-to-^igital converter. The ion detectors could 
also be discrete dyhode electron multipliers or ccnthmous dynode cbanueloxms. 

In another embodiment the ions are accelerated towards a conversion dynode, and the secondary 
electrons are detected using a micro-channel plate. Figure 6 shows an example of such an 
arrangement. The advantage of using a conversion dynode is that it can increase ion detection to near 
100%. This is because a micro-channel plate typically has an open area ratio of 60 - 70%, and 
therefore it's ion detection efficiency will only be in the region of 60-70%. A conversion dynode will 

, 7, lon deteotiQO efficiency, and typically will yield between 2 and 6 electrons per ion. The 
probability that the micro-channel plate will detect at least one of these electrons is near 100% An 
alternative arrangement is to accelerate the ions from the conversion dynode onto a scintillator or 
phosphor, and to detect the emitted light with a photo-multiplier tube (PMT) or photosensitive solid 
state detector. . .. ... 

fa another embodiment there are positioned two detectors on each side of the blade, making a total of 

^- e - T*? 1 *- M amm S emerLl fte ionbeam defected to one side of the central blade is farther 
snbdmded on to the two detectors according to their position and direction. Similarly the ion beam 
deflected to the other side of the central blade is subdivided on to the other two detectors. Figure 7 • 
shows an example of such an arrangement Such an arrangement would allow the determination of the 
asymmetry of the ton beam in greater detail. In another embodiment the number of detectors is a 
tugner multiple of two. 

In another embodiment a conventional detector may also be included in the arrangement Figure 8 
shows an example of such an arrangement In this example the additional detector includes a 
^If 31011 dyn .^> * ^ing ™& a phosphor and a photo-multiplier. When the voltages on this 
detector ate switched off the ions travel directly to the split detector without interruption. When the 
voltages on this additional detector are switched on the ions are deflected on to the conversion dynode 
and secondary electrons are accelerated and focused on to the phosphor. The additional detector can 
ba used for recording ions in the conventional way. 
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Advantage of the New Invention 



When the ion beam of a particular mass is scanned across the collector slit of a magnetic sector mass 
spectrometer the resulting signal profile is commonly called the peak profile. The peak profile will 
vary according to the relative width of the ion beam (w b ) and that of the collector slit (wj. It will also 
vary aocordhtg to the ion totansity profile of the ion beam. The high resolution selected ion recording 
.measurement, as described for the detection of traces of 2,3,7,8-tetrachlorinated dfoenzo-p-dioxin, is 
commonly earned out at a mass resolution of 10,000 (10% valley defii). A mass peak that has a width 
of 100 parte per million (ppm) of the mass when measured at 5% of it's maximum intensity, has a . 
mass resohibon of 1 0,000 (10% valley definition). A mass peak that is 100 ppm wide usually has 
maximum transmission when the collector slit width (w 0 ) is just equal to that of the ion beam width 
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5) Column 5 tabulates the number of ions that would have been expected to haw been' detected on 
each detector had the peak been positioned in the centre, given the total count reported in column 4. In 
other words, column 5 simply reports half the total number of ions reported in column 4 for each peak 
shift. 

6) Column 6 tabulates one standard deviation for the expected ion count for each detector reported in 
columns. 

7) Column 7 tabulates the difference between the actual ion count for the first detector, reported in 
column 2, and the ion count that would have been expected, as reported in column 5, expressed in. 
terms of lie number of standard deviations of the expected ion count tabulated in column 6. 

8) Column 8 similarly tabulates the difference,. in terms of standard deviations, between the actual ion 
count for the second detector, reported in column 3, and the expected count, reported in column 5. 

9) Column 9 tabulates the percentage probability for the difference in ion count of the expected 
average being equal to or less than the actual difference in count reported for the first detector in 
column 7-, assuming* a natural or Gaussian distribution. 

10) Likewise, column 10 tabulates the same percentage probability for the difference in count rate 
reported fbr the second detector in column 8. 

1 1) Column 1 1 tabulates the percentage probability that the difference in count rates from the 
expected average, for both the first and second detectors, are greater than that to be expected 
assuming a natural or Gaussian distribution. In othet words, column 12 reports the percentage 
probability of observing the two ion counts recorded on the first and second detectors for a peak with 
a total ion count equal to the sum of the two separate ion counts and positioned centrally. 

It Will be seen from table 1 that the ion counts on the two detectors from a peak of only 20 ions, 
shifted by 5 ppm, are Such that the probability that the observed ion counts could be observed if tie 
peak was positioned centrally is as high as 13%. However, the ion counts on the two detectors from a 
peak of only 20 ions shifted by 10 ppm are such that the probability that the observed ion counts could 
be observed if the peak was positioned centrally is now only 1%. Furthermore, the ion counts on the 
two detectors from a peak of only 20 ions, shifted by 15 ppm, are such that the probability that the 
observed ion counts could be observed if the peak was positioned centrally is now only 0.1%. 

hi this example, the benefit of the split detector is such that for the measurement of a peak of just 20 
ions it could be ascertained with a 99% confidence that the peak is not an interfering peak displaced 
by only 10 ppm. Alternatively it could be ascertained with a 99.9% confidence that the peak is not an 
Merfering peak displaced by only 15 ppm. Using a conventional single detector it would have been 
necessary to operate with a peak width at 5% height of only 20 ppm to achieve the same specificity. 
This corresponds to a resolution of S0,O0Q (10% valley definition). Hence, in this example, the split 
detector provides a five-fold increase in specificity. Alternatively, the split detector provides the same 
specificity at between 5 and 25 times more sensitivity since this is the likely loss in sensitivity to 
result from increasing the resolution of the mass spectrometer from 10,000 to 50,000. 

Table 2 shows another example. Here the resolution has been reduced to 2000, and as a consequence 
it has been assumed the transmission has been increased by a factor of five so that the number of ions 
detected has increased to 100. It will be seen from table 2 .that the ion counts on the two detectors 
from a peak shifted by 20 ppm axe such that the probability that the observed ion counts could be 
observed if the peak was positioned centrally is only 1%. 

hi this example, the benefit of the split detector is such that for the measurement of apeak of 100 ions 
at 2000 resolution it could be ascertained with a 99% confidence that the peak is not an mterfering 
peak displaced by only 20 ppm. Using a conventional single detector it would have been necessary to 
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